Extracellular matrix (ECM) plays an important scaffolding role in the establishment of organs structure during development. A great number of ECM components and enzymes (proteinases) regulating formation/degradation of ECM during organ remodeling have been identified. In order to study the role of ECM in the mouse gonad development, especially during sexual differentiation of the gonads when the structure of the testis and ovary becomes established, we performed a global analysis of transcriptome in three main cell types of developing gonad (supporting, interstitial/stromal and germ cells) using transgenic mice, cell sorting and microarray. The genes coding for ECM components were mostly expressed in two gonadal cell lines: supporting and interstitial/stromal cells. These two cell lines differed in the expression pattern of ECM components, which suggests that ECM components might be crucial for differentiation of gonad compartments (for example testis cords vs. interstitium in XY gonads). Collagens and proteoglycans coding genes were mainly expressed in the interstitium/stromal cells, while non-collagen glycoproteins and matricellular coding genes were expressed in both cell lines. We also analyzed the expression of genes encoding ECM enzymes that are secreted to the ECM where they remodel the scaffolding of developing organs. We found that the ECM enzyme genes were also mostly expressed in supporting and interstitial/stromal cells. In contrast to the somatic cells, the germ cells expressed only limited number of ECM components and enzymes. This suggests that the germ line cells do not participate, or play only a minor role, in the sculpting of the gonad structure via ECM synthesis and remodeling. Importantly, the supporting cells showed the sex-specific pattern of expression of ECM components. However, the pattern of expression of most ECM enzymes in the somatic and germ cells is independent on the sex of the gonad. Further studies are required to elucidate the exact roles of identified genes in sexual differentiation of the gonads.
Introduction
The structure of testes and ovaries emerges from the common bipotential anlagen -the genital ridges. During sexual differentiation the cells of the genital ridges gather in the sex specific arrangements, which leads to the development of elongated testis cords in the male gonads or spherical ovarian cysts in the female gonads (Fig. 1) .
In the mouse, the genital ridges appear at the ventromedial surface of mesonephroi as the longitudinal thickenings of the coelomic epithelium at about 9.5 dpc (dies post coitum). In this location, the cells of monolayer coelomic epithelium proliferate forming multilayer cluster of coelomic-epithelium derived cells, under which the basement membrane disintegrates (Hu et al., 2013; Tanaka and Nishinakamura, 2014) . The primordial germ cells (PGCs) settle in these thickenings of coelomic epithelium. At about 10.5 dpc, the expression of the male sex determining Sry gene is initiated in the coelomic-derived XY somatic cells, while this gene is absent in XX fetuses (Hacker et al., 1995) . At 11.5 dpc, SRY upregulates the expression of Sox9 -another male sex determining gene. Subsequently, at about 11.5 dpc, the SOX9-positive cells gather and enclose the germ cells and differentiate into the pre-Sertoli cells (XY supporting cells). At about 12.5 dpc the pre-Sertoli cells enclosing the germ cells form the primitive testis cords, which clearly distinguish the male gonads from the ovaries (Karl and Capel, 1995) . At 13.5 dpc, solid and elongated definitive testis cords are present in the developing Mechanisms of Development 149 (2018) 9-19 male gonads (Combes et al., 2009 ). In contrast, in the XX mouse gonads the Sry gene is absent, Sox9 is not upregulated, and the coelomic epithelium-derived cells do not form solid cords. The pre-follicular cells (XX supporting cells) enclose the XX germ cells and form the germ cell cysts, which at birth transform into the ovarian follicles (Wilhelm et al., 2007) (Fig. 1) .
The cellular mechanisms driving the formation of testicular vs. ovarian structure still remain obscure. Our recent study indicated a role of cell adhesion in establishing the gonadal structure (Piprek et al., 2017) . Here we focused on the role of the extracellular matrix (ECM) and the basement membrane in the gonadogenesis because it is known that the ECM undergoes specific changes during the process of sexual differentiation of the gonads. The formation of elongated, solid testis cords in the developing male gonads is associated with deposition of basement membranes around these structures (Skinner et al., 1985) . The testis cords are composed of the germ cells enclosed by differentiating Sertoli cells. Between the testis cords interstitium accumulates. The developing mouse ovaries do not form elongated, tubular structures enclosed by the basement membranes, and instead, at about 13.5 dpc the female germ cells aggregate into small accumulations termed the ovarian cysts. The ovarian cysts that are separated by the stromal cells (stroma) contain germ cells surrounded by differentiating follicular cells. After 13.5 dpc the basement membrane is clearly visible around ovarian cysts. Thus, developing gonads contain three main cell types: the supporting cells (Sertoli and follicular), interstitial/stromal, and the germ cells (Fig. 1) . Because the development of male gonad relies on the early deposition of components of the basement membrane, which contributes to the formation of solid testis cords and separates them from the interstitium we hypothesized that the male sex-determining pathway, in contrast to the female sex-determining pathway, may upregulate expression of the components of the basement membrane. We also supposed that differential expression of genes coding for the components of ECM and for the enzymes (proteinases) responsible for ECM remodeling (deposition and disintegration) in three main cell types in XY and XX should play an important role in establishing testis or ovarian structure, and thus drives the sexual differentiation.
In order to elucidate this issue, first the expression of these genes must be identified in these three cell types in the gonads of both sexes during their during sexual differentiation.
The ECM consists of an intercellular space filled with gels of polysaccharides and fibrous proteins. The basement membrane is a layer of concentrated ECM components, which in developing gonads encloses testis cords and germ cells cysts. The main components of basement membrane are the laminin, type IV and VII collagens, fibronectin and several proteoglycans such as perlecan. The molecular machinery involved in the basement membrane remodeling has been well studied in other developmental systems (Clark et al., 2008) . The formation of a new basement membrane occurs through the exocytosis of components from the basal surface of the epithelial cells. The assembly of ECM is mediated by integrins also located at the basal surface of epithelial cells. The remodeling of the basement membrane is more complex and involves the expression and activation of metalloproteinases, MMPs -the proteolytic enzymes that digest components of ECM. Considering a great number of ECM components (about 50 genes in the mouse genome) and enzymes involved in EMC remodeling (23 MMPs and 4 inhibitors of MMPs, 29 ADAM, 19 ADAMTS and 17 other proteases in the mouse), we decided to perform a global profiling of gene expression using microarray in three XX and XY cell types at three different stages of mouse gonad development to show the evolution and the dynamics of the expression of this group of genes.
Three cell types (supporting, interstitial/stromal, and germ cells) were isolated from XX and XY gonads at three stages as previously described (Piprek et al., 2017) . Our previous studies showed that in developing mouse gonads the cell gathering and segregation occurs at 11.4 dpc (days post coitium) (Piprek et al., 2017) . Thus, in order to study gene expression before the onset of the sexual differentiation we isolated gonads at 11.0 dpc (13 tail somites; TS13), i.e. when gonads are filled with the mass of uniformly distributed somatic and germ cells (Fig. 1) . The second time point selected for this study was 12.2 dpc (TS24), when a clear separation of interstitium and supporting cells appears in XY gonads (Fig. 1) . The third time point was 13.8 dpc (TS34), when the testis cords had been already formed, and there are the first Fig. 1 . Diagram of the changes in gonad structure and the basement membrane formation during sexual differentiation of mouse gonads. The basement membrane forms around 12.2 dpc in XY gonads when the first signs of testis formation occur. In XX gonads the basement membrane forms around developing germ cysts at 13.8 dpc.
signs of cell grouping into the cysts occurring in XX gonads (Fig. 1) . To isolate supporting, interstitial/stromal, and germ cells we used transgenic mouse lines expressing reporter gene EGFP in these cells and FACS analysis (Piprek et al., 2017) . Subsequently the RNA was isolated from these cells and the gene expression was studied using the microarray. The expression pattern of these genes in three cell lines of developing XX and XY gonads revealed in this study shed more light on molecular and cellular mechanisms governing gonads development in the mouse.
Materials and methods

Animals
The study had been approved by the First Local Commission for Ethics in Experiments on Animals. The animals were bred in the animal house in the Animal Facility at the Jagiellonian University (Krakow, Poland). Five transgenic mouse lines were used to isolate supporting, interstitial/stromal and germ cells as previously described (Piprek et al., 2017) .
In order to isolate the XX supporting (pre-follicular) cells at 11.0, 12.2 and 13.8 dpc, we used Sry-EGFP strain [Tg(Sry-EGFP)92Ei (Albrecht and Eicher, 2001) ] as previously described (Jameson et al., 2012) . In order to isolate XY supporting cells, XY interstitial/XX stromal, and XY and XX germ cells, we used ROSA-EGFP [Gt(ROSA)26Sor-tm1.1(CAG-EGFP)Fsh /Mmjax (Sousa et al., 2009 )] strain crossed with three strains carrying Cre gene under control of Sox9, Mafb or Oct4 promoters, respectively. The Cre recombinase expression under the control of Sox9 promoter in Sox9-Cre [Tg(Sox9-cre/ERT2)1Msan/J strain (Kopp et al., 2011) ] leads to the deletion of STOP codon in EGFP gene and to the expression of EGFP in pre-Sertoli cells starting from 11.5 dpc. MAFB is a marker of interstitial cells differentiating in the developing mouse gonads ; Mafb-Cre [Tg(Mafb-cre/ERT2)#Fmr (Di Meglio et al., 2013) ] crossed with ROSA-EGFP resulted in EGFP expression in interstitial/stromal cells at 11.0, 12.2 and 13.8 dpc. Oct4 expression is a marker of germ cells in the fetal mouse gonads (Schöler et al., 1990) , and thus Oct4-Cre [B6(SJL)-Pou5f1 tm1.1(cre/Esr1⁎)Yseg /J (Greder et al., 2012) ] crossed with ROSA-EGFP leads to the expression of EGFP in the germ cells at 11.0, 12.2 and 13.8 dpc.
Isolation of gonads and RNA and microarray analysis
We performed timed mating by placing a male with 2 females for a night. The fetuses were staged as previously described (Piprek et al., 2017) . Females were euthanized by spinal dislocation at 11.0, 12.2, and 13.8 dpc. The gonads of fetuses were dissected free of mesonephros and the sex of the embryos was genotyped using primers to detect Sly (Y chromosome) and Xlr (X chromosome) (McFarlane et al., 2013) . The gonads were isolated and digested; cell lines were isolated using FACS method as previously described (Piprek et al., 2017) . RNA was isolated and microarray procedure was performed as previously described (Piprek et al., 2017) . 200 ng total RNA was used for microarray analysis. cDNA was hybridized to genomewide murine Gene Level 1.0 ST GeneChips (Affymetrix, 902465). Chips were scanned using GeneChip scanner 3000 7G (Affymetrix). In total, 54 arrays were performed (Piprek et al., 2017) . The raw data were transformed into log base 2 and intensity value was described using a scale from 0 to 12. Normalized expression values under 6 were described as rudimentary, 7-12 as strong (Piprek et al., 2017) . The threshold change of two units in this scale was considered an increase or decrease in the expression level of the given gene. Tables 1 and 2 show the expression level of analyzed ECM genes in the XX and XY three cell lines. We used χ 2 test to compare expression level between sexes and stages.
Results and discussion
Expression of the ECM components
We analyzed the expression of 99 genes encoding components of the ECM and we detected the expression of 46 genes (Table 1) . Among them 3 genes were expressed at rudimentary level in all studied cell lines. 32 ECM genes were expressed in XY gonads during sexual differentiation, and 31 in XX gonads (Fig. 2 , Table 2 ). The XY interstitial cells expressed the highest number (34) of ECM genes, and the XX stromal cells expressed 29 genes (Fig. 2, Table 2 ). These were mainly genes coding for collagens and proteoglycans (Table 1) . The interstitial/stromal cell line represents the mesenchymal cell type and will give rise to the connective tissue, which is rich in ECM containing collagens and proteoglycans (Jungueira and Montes, 1983) . Our analysis showed that the germ cells expressed very low number of ECM genes (6 in XY and 7 in XX). The most probable reason according to our knowledge for such a low number of ECM expressing genes in the germ cells is that they do not contact ECM directly because they are enclosed by supporting cells. The EMC genes expressed in the germ cells belonged to non-collagen glycoproteins, such as laminin and fibronectin, which are involved in maintaining contacts between the supporting cells and the germ cells (Schaller et al., 1993; Siu and Cheng, 2004) . The most significant difference in the number of ECM gene expressed between XX and XY was observed in the supporting cells (11 genes expressed in XX supporting cells versus 22 genes in XY). This is not surprising because the XX and XY supporting cells, which give rise to the follicular and Sertoli cells, respectively, contain sex determination machinery and drive the sexual differentiation of the gonads (reviewed in Piprek, 2009) . Among the ECM genes expressed in the supporting cells we identified the non-collagen glycoproteins, matricellular proteins, few proteoglycans and collagens. This indicates the high degree of compositional complexity of the ECM in these cells. Fig. 3 shows lists of ECM components genes expressed in three cell lines during development of XX and XY gonads, and allows better visualization of the pattern of these genes expression in gonads of each sex. In the supplementary materials we show the same results organized in a way allowing an easy visualization of differences and similarities in ECM components gene expression pattern in three analyzed cells lines according to their XX or XY genotype (Suppl. Fig. 1 ).
Collagens
The collagens are most abundant components of ECM. We identified the expression of 15 Col genes ( Table 1 ). The most of collagen genes were expressed in the interstitium/stroma compartment (10 Col genes). Collagen XII (Col12a1) was the only collagen gene expressed in all studied somatic cells (both supporting and interstitial/stromal cells). The XY supporting cells expressed 5 collagen genes, the XX supporting cells expressed only 1 gene. There was no expression of collagen genes in the germ cells, which is not surprising because during the fetal life these cells are entirely enclosed by the supporting cells and do not contact ECM. The XX and XY interstitial/stromal cells expressed genes coding for collagen I (Col1a1, Col1a2), collagen III (Col3a1) and genes for collagen VI (Col6a1, Col6a2, Col6a3), and the pattern of expression of these genes was not sex-specific. Only collagen IV (Col4a1, Col4a2) was expressed specifically in the XY interstitial cells, which correlates with the formation of the basement membrane around testis cords. The interstitial/stromal cells are characterized by the expression of a highest number of different collagens (mainly fibrillar types of collagens), which is consistent with the fact that the stroma gives rise to collagen-abundant connective tissue scaffolding. Supporting cells (pre-Sertoli in XY and pre-follicular cells in XX) expressed lower number of collagen genes than interstitial/stromal cells, and additionally the expression of these genes was sex-related. Namely, the XY supporting (pre-Sertoli) cells expressed collagen IX (Col9a1, Col9a2, Col9a3), collagen XII (Col2a1), collagen XIV (Col14a1) and collagen XVIII (Col18a1), i.e. collagens included in a group of non-fibrillar FACITs (fibril associated collagens with interrupted triple helices). In contrast, the XX supporting (pre-follicular) cells expressed only collagen 12 (Col12a1). McClive and Sinclair (2003) reported that collagen IX is expressed in the Sertoli cells in developing mouse gonads and indicated that this gene is a target of Sox9 -the male sex-determining gene. As the sex determining genes trigger male or female program of gene expression leading to sexual differentiation of the gonads, the sex-specific Table 1 The expression of genes of extracellular matrix components in developing mouse gonads between 11.0 and 13.8 dpc [symbols: . rudimentary level of gene (1-6); + high level of expression (7-8); ++ strong expression (9-10); +++ very strong expression (11−12); ↑ upregulation; ↓ downregulation between 11.0 and 13.8 dpc]. Different shades of yellow in the tables reflects different level of gene expression.
Table 2
Number of ECM genes encoded in cell lines isolated from developing mouse gonads. Yellow color indicates the highest level of expression.
pattern of their downstream targets expression may be critical for the development of differences in the structure of male and female gonad: formation of solid and compact cords by XY supporting cells enclosed by visible basement membrane vs. XX supporting cells only loosely arranged on the surface of the germ cell cysts (Fig. 1) . In this context, it would be very interesting to study if and how the disruptions of collagens expression and basement membrane formation can alter testis development. Interestingly, Col18a1 is expressed in the XY supporting (future Sertoli) cells. Collagen XVIII is a source of endostatin, which inhibits angiogenesis (Folkman, 2006) . The formation of blood vessels and the VEGF signaling necessary for their correct development seem to be crucial for the further testis morphogenesis (Bott et al., 2008; Cool et al., 2011) . Collagen XVIII was shown to interfere with VEGF and FGF signaling; both important for testis development (Kim et al., 2006) . The possibility that differential expression of ECM components, including collagens, may regulate gonad development through modulation of growth factors requires further studies.
The collagen IV was shown immunohistochemically to be present around the sex cords in developing rat gonads (Gelly et al., 1989) . In the developing bovine ovaries Hummitzsch et al. (2013) detected immunohistochemically collagen I in the stromal region, collagen IV in the stromal region and around the sex cords, and collagen XVIII around the sex cords. Our analysis showed Col1 expression in the interstitial/ stromal cells, which is consistent with immunodetection of its protein in bovine ovaries. We also found the expression of Col4 in the interstitial/stromal region, which indicates a significant contribution of this cell line to the deposition of basement membrane around supporting cells of the forming testis cords. Additionally, we detected the expression of Col18 in the supporting cells, which indicates that collagen XVIII is a component synthesized and deposited in basement membrane by supporting cells. Future studies are needed to analyze how different cell types in the gonad synthesize components of the basement membrane deposited around the sex cords.
Non-collagen glycoproteins
Analysis of non-collagen glycoproteins gene expression showed that the interstitium/stroma compartment expressed the highest number of genes (9 genes) vs. 6 genes expressed in XY supporting cells and 4 in XX supporting cells. The germ cells expressed only 3 genes (Table 1) .
Laminins family contains 12 genes encoding alpha-, beta-, and gamma-chains that associate into heteromeric molecules (Aumailley et al., 2005) . We identified the expression of laminin β1 (Lamb1) in all studied cells (somatic and germ), however, laminin α1 (Lama1) and laminin γ1 (Lamc1) were expressed only in somatic cells (supporting and interstitial/stroma cells) (Table 1) . Additionally, laminin α2 (Lama2) was expressed in XY interstitial cells, laminin α4 (Lama4) in XY somatic (supporting and interstitial) cells, and laminin β2 (Lamb2) in XY supporting cells. The highest number of laminins (5 genes) was expressed in XY supporting and interstitial cells. Laminins were expressed sex-specifically. The XX supporting cells expressed Lama1, Lamb1, and Lamc1, whose products can form laminin-111. The XY supporting cells expressed Lama1, Lama4, Lamb1, and Lamc1, encoding subunits of laminin-111, -121, -411, and -421. Previously the presence of laminins showed immunohistochemically around the sex cords in developing rat gonad (Gelly et al., 1989) . The XX and XY gonads possibly differ in the synthesis of different laminin types, which can influences sexual differentiation. The XY differentiating gonads express more types of these crucial basement membrane components. Hummitzsch et al. (2013) showed the presence of laminin-111 around the forming sex cords and in the stromal region of developing bovine ovaries. Heeren et al. (2015) showed the presence of laminin in the interstitium/stroma of human developing gonads and in the basement membranes around the sex cords. Knowing which laminins are synthesized by which cell type in developing gonads will be important in determining how different cell types contribute to the formation of basement membrane and EMC in the interstitial/stromal region.
Our analysis showed that another non-collagen glycoproteins, fibronectin (Fn1) was expressed in the interstitial/stromal and the germ cells with the higher expression in XY gonads, and was not expressed in supporting cells (Table 1 ). The expression of nidogen-1 (entactin, Nid1) was characteristic for the somatic cells, and nidogen-2 (Nid2) for the interstitial/stromal and the germ cells. Paranko et al. (1983) showed immunohistochemically the presence of fibronectin in the stroma of developing rat gonads. Hummitzsch et al. (2013) showed immunohistochemically the presence of fibronectin only in the stromal region of the bovine developing ovaries, which is consistent with our analysis of mouse gonad. They detected nidogen-1 and -2 in the basement membrane around the sex cords and in the stromal region in developing bovine ovaries. However, our analysis revealed wider pattern of Nid1 and Nid2 expression. Nid1 was expressed in the somatic cells, however, Nid2 in the interstitial/stromal and germ cells. The pattern of expression of these genes did not show sex-specific differences.
Proteoglycans
The interstitial/stromal cells expressed the highest number of proteoglycans (8) genes. The XY supporting cells expressed 5 and XX supporting cells and germ cells expressed 2 genes each (Table 1) . Bamacan encoded by Smc3 was the only proteoglycan strongly expressed in all three studied cell lines. Fibrillin-1 and -2 (Fbn1 and Fbn2), and versican (Vcan) were expressed in supporting and interstitial/stromal cells. Perlecan (Hspg2), decorin (Dcn), biglycan (Bgn) and lumican (Lum) were expressed only in the interstitial/stromal cells.
Previous studies showed that in the bovine gonad the perlecan was present not only in the stromal region, but also in the basement membrane around the sex cords (Hummitzsch et al., 2013) . In developing mouse testis, Miqueloto and Zorn (2007) detected perlecan only in the basement membrane around the testis cords, while the biglycan was present in both the basement membrane and in the interstitium of testes. In contrast, we detected the expression of perlecan and biglycan in the interstitium/stromal cells only. This indicates that localization of various proteoglycans synthesized by interstitial/stromal cells may be species-specific. Moreover, we identified the expression of fibrillins in the supporting and interstitial/stromal cells, while Hummitzsch et al. (2013) immunodetected fibrillins only in the stromal region of developing bovine ovaries. The presence of decorin and versican only in the interstitial/stromal region reported by Hummitzsch et al. (2013) in bovine gonad was consistent with the expression of these two genes in our study. In summary, it seems that there are interspecific differences between expression of proteoglycan genes and the localization of their protein products between mouse and bovine.
Matricellular proteins
Matricellular proteins are non-structural components of ECM that play regulatory function such as modulation of growth factors activities and cell-cell and cell-matrix interactions, and thus are important for regulation of organogenesis (Bornstein, 1995) . Our analysis showed that XY interstitial cells expressed the highest number (9) of the matricellular factors genes. The XX stromal cells expressed 7 genes, XY supporting cells expressed 8 genes, XX supporting cells expressed 6 genes and the germ cells expressed only 3 genes ( Table 1) . Out of all analyzed genes the SPARC (secreted protein acidic and rich in cysteine also known as osteonectin) gene had the strongest expression. The somatic cells have shown an especially high expression of this gene. SPARC plays a role in matrix organization, binding collagens, increases activity of matrix metalloproteinases and regulates cell proliferation and migration (Bradshaw and Sage, 2001 ). Previous immunohistochemical studies showed that in developing mouse testes SPARC is present in the cytoplasm of Sertoli, interstitial and germ cells (Wilson et al., 2006) . Based on its localization these authors suggested that SPARC might play intracellular regulatory role in the gonadogenesis (Wilson et al., 2006) .
We also found that the cysteine-rich angiogenic inducer 61 (Cyr61) was strongly expressed in somatic cells. The CYR61 is believed to control many developmental processes, including heart and skeleton development, by regulating cell signaling and cell adhesion. However, its role in the gonad development remains unknown (O'Brian and Lau, 1992) .
Among other matricellular proteins, the expression of Ctgf (connective growth factor) gene was upregulated in XY supporting cells. Similarly, Spp1 (secreted phosphoprotein 1, osteoponin) was upregulated exclusively in XY supporting cells. SPP1 is involved in remodeling of extracellular matrix, cell interactions and migration (Rabenstein et al., 2015) . This suggests that CTGF and SPP1 may play a role in ECM remodeling during testis development.
Fibulins are a family of seven secreted glycoproteins associated with basement membrane that mediate interactions between components of ECM. We identified the expression of fibulin-1 (Fbln1) in XX/XY interstitial/stromal cells, Fbln5 in XY interstitial cells, and Fbln2 in XY supporting cells.
Hemicentin-1 (Hmcn1) is a matricellular immunoglobin. We found that Hmcn1 is expressed in all studied cell types besides XY supporting cells. This protein was claimed to be responsible for organization of tissues (Vogel and Hedgecock, 2001 ) and thus might be also key for establishing the gonadal structure.
Among tenascins we detected the expression of tenascin-C (Tnc) only in interstitial/stromal cells. Tenascin-C interacts with ECM components such as fibronectin leading to the upregulation of matrix metalloproteinases (Chiquet-Ehrismann, 2004) . It is important for tissue remodeling and cell adhesion. Tenascin-C was also shown to be expressed in developing rat gonads (Paranko et al., 1995) .
Periostin (Postn) is an extracellular protein engaged in ECM remodeling, histogenesis, and cell differentiation (e.g. epithelial-mesenchyma transition) (Conway et al., 2014) . We detected the expression of Postn in interstitial/stromal cells, and a low level of expression in XY supporting cells.
Among thrombospondins, we identified the expression of thrombospondin-1 (Thbs1) in interstitial/stromal cells and thrombospondin-2 (Thbs2) in XX supporting (pre-follicular) cells. Thrombospondin-1 interacts with many components of ECM, inhibits angiogenesis, positively and negatively regulates cell migration and modulates activity of enzymes involved in ECM remodeling (matrix metalloproteinases, cathepsins) (Morris and Kyriakides, 2014) . Similarly, thrombospondin-2 inhibits angiogenesis, modulates cell-cell and cellmatrix interactions, and cell adhesion and migration. More precise role of thrombospondins in gonad development remains unknown.
Enzymes involved in ECM remodeling
The structure and composition of ECM depends on the enzymes regulating synthesis and degradation of its components (Lu et al., 2011) . Some of these enzymes are involved in reorganization of ECM in developing gonads and thus are responsible for the establishment of testis and ovarian structure. Out of 94 analyzed genes encoding enzymes responsible for ECM remodeling only 38 genes were expressed (Table  3) . 11 genes were expressed at rudimentary level in all studied cell lines. The interstitial/stromal cell line had the highest number of the ECM enzymes expressed (20 in XX and 24 in XY gonads) (Fig. 4, Table  2 ). Importantly, there was sex-specific difference in the expression of the ECM enzymes genes in the interstitial/stromal cells. This indicates that the interstitial/stromal cells may be decisive, via ECM remodeling, in shaping of gonadal structure. The high number of enzymes expressed in XY gonads correlates with a high dynamicity of the structure of developing testes. We found that the germ cells expressed the lowest number (only 7) of ECM enzymes genes. This suggests a minor, if any, role of germ cells in the formation and shaping of ECM. Fig. 5 shows lists of ECM enzymes genes expressed in three cell lines during development of XX and XY gonads. In the supplementary materials we show the same results organized in a way allowing an easy visualization of differences and similarities in ECM enzymes gene expression pattern in three analyzed cells lines according to their XX or XY genotype (Suppl. Fig. 2 ).
MMPs -matrix metalloproteinases
The most significant enzymes responsible for ECM remodeling are the MMPs (matrix metalloproteinases). MMPs are able to degrade all kinds of extracellular matrix proteins, and thus enable changes in organ structure, cell migration and segregation (Clark et al., 2008; Cawston and Young, 2010) . There are 23 known members of MMP family grouped in 7 types. The majority of MMPs is secreted and defund within ECM, but several MMPs (the membrane type) are incorporated into the cell membrane and digest only adjacent ECM. Previously, Mazaud et al. (2005) showed the expression of MMP2 and MMP14 in developing mouse gonads. We detected the expression of 7 genes coding for MMPs in developing mouse gonads (Table 3 ). The XY supporting cells and interstitial/stromal cell expressed the highest number (6) of MMP genes. The XX supporting cells expressed 5 genes and germ cells expressed only 1 MMP gene. This indicates that in developing mouse gonad the somatic cells, but not the germ cells, participate in tissue remodeling.
MMP15 was the only MMP expressed in all studied cell types, and the only MMP expressed in the germ cells. The supporting cells had the highest expression of MMP15. Transmembrane MMP15 (or MT2-MMP) belongs to the membrane type MMP family of proteins and digests ECM components synthesized mainly in interstitial/stromal cells, e.g., fibronectin, laminin, nidogen-1 (entactin), aggrecan, perlecan, but also MMP2 (Page-McCaw et al., 2007) . We found that another membrane-associated MMP -the MMP16 (or MT3-MMP) was expressed in the somatic cells, with the highest expression in the interstitial/stormal cells. The MMP16 digests collagen III, fibronectin and MMP2 (PageMcCaw et al., 2007) . We also found that among all of the MMP genes expressed in developing gonad the MMP2 (gelatinase A) gene had the highest expression level. The interstitial/stromal cells had the highest expression of MMP2 and the XY supporting cells had the lowest expression. The MMP2 digests many collagens, laminin, fibronectin, aggrecan. The MMP-2 is produced as an inactive pro-MMP2 that is cleaved by MMP15 and MMP16 into active form. We found that the transmembrane MMP14 (MT1-MMP), which is responsible for digesting several collagens, fibronectin, laminin, nidogen-1 (entactin), proteoglycans, MMP2 and aggrecan (Page-McCaw et al., 2007) was expressed in somatic gonadal cells with the highest expression in XY supporting cells. Additionally, we identified the expression of membrane-associated MMP23 in supporting cells. MMP23 is probably involved in ovarian function, however, its exact role in development remains obscure (Ohnishi et al., 2001) . The MMP2, MMP11, MMP14 were the only metalloproteinases showing sexual dimorphism in their expression, and thus may be involved in sexual differentiation of the gonads.
TIMPs -tissue-inhibitor of metalloproteinases
We analyzed the expression of enzymes regulating activity of MMPs. There are 4 known TIMPs (tissue inhibitors of metalloproteinases) that cleave and inactivate the MMPs or cleave and activate the pro-MMPs Table 3 The expression of genes of extracellular matrix enzymes in developing mouse gonads between 11.0 and 13.8 dpc [symbols as in Table 1 ]. Different shades of yellow in the tables reflects different level of gene expression. Fig. 4 . Diagram of numbers of genes encoding extracellular matrix enzymes expressed in XX and XY supporting, interstitial/stromal and germ cells between 11.0 and 13.8 dpc. (Brew et al., 2000) . Previously, Guyot et al. (2003) showed the expression of Timp1 in developing mouse gonads. We found that in developing mouse gonads the TIMP1, -2, -3 were expressed exclusively in the somatic cells (Table 3 ). In the somatic cells the Timp3 was expressed at higher level than other Timps. The supporting and interstitial/stromal cells had low expression of Timp1 and higher expression of Timp2. The supporting cells had low expression of Timp2 gene. There was no sexual dimorphism in the expression of TIMPs between XX and XY gonads, which suggests that these enzymes are not important for their sexual differentiation. Up to now, only the expression of Timp1 had been shown in developing mouse gonads (Guyot et al., 2003) .
Other proteases
Among 17 other proteases regulating activity of ECM remodeling enzymes we identified the expression of tissue plasminogen activator (Plat, tPA) in supporting and interstitial/stromal cells (Table 3 ). This gene was not expressed in a sex-specific pattern. tPA is a secreted serine protease, which converts plasminogen to plasmin. In turn, plasmin activates MMPs and cleaves ECM components, such as fibrinogen or laminin (Mazzieri et al., 1997) . We also found that other proteases such as urokinase (Plau, uPA), hyaluronidase 2 (Hyal2) and hereranase (Hpse) were expressed at rudimentary level in all studied cell lines. However, matriptase (St14), that cleaves and activated urikinase and HGF (hepatocyte growth factor), was expressed specifically in germ cells.
Adamalysins: ADAMs (disintegrins and metalloproteinases) and ADAMTSs (disintegrins and metalloproteinases with thrombospondin motifs)
ADAMs (disintegrins and metalloproteinases) compose the family of transmembrane and secreted metalloendopeptidases (Seals and Courtneidge, 2003) . ADAMs digest membrane-associated proteins, receptors and cell adhesion molecules, regulating cell adhesion and cell migration, and thus are important for tissue remodeling. We found that the expression of ADAM genes in gonads was not sex-specific, and thus these proteins may not be important for the sexual differentiation (Table 3 ). Among 29 known ADAM genes, we detected the expression of 11 genes. Among these 11 genes 4 were expressed at rudimentary level. Adam4, Adam10, and Adam17 were expressed in all studied cell lines. Adam10 was expressed at the highest level and had especially high expression in the supporting cells. Adam9 was expressed in the somatic cells, Adam19 in the interstitial/stromal and in the germ cells, Adam23 was expressed in the XY interstitial cells, and Adam22 in the germ cells. Adam1, -8, -12, -15 were expressed at rudimentary level.
ADAMTSs (disintegrins and metalloproteinases with thrombospondin motifs) are proteolytic enzymes secreted to extracellular matrix where they digest components of ECM and thus play a role in tissue remodeling (Porter et al., 2005) . Among known 19 ADAMTSs we identified the expression of 12 ADAMTS genes (among these 12 genes 6 were expressed at low level) in the developing mouse gonads (Table 3 ). The ADAMTSs were expressed exclusively in somatic cells and revealed strong sex-specific differences of expression. Thus, among all studied genes, ADAMTSs, like MMPs, may be the most important for sexual differentiation of the gonads. Adamts9 (that digests aggrecan and proteoglycans; Verma and Dalal, 2011) was especially highly expressed in XY supporting cells. Admts1, -9, -16 were expressed in somatic cells, Adamts2, and -12 in interstitial/stromal cells, Adamts5 in XY intersitital cells, and Adam17 and -19 in somatic cells except XY supporting cells. While the role of many of these genes remains unknown it is known that ADAMTS2 is responsible for procollagen processing, and thus also for the formation of ECM. The ADAMTS12 regulates development by modulation of cell adhesion (Bekhouche and Colige, 2015; Porter et al., 2005) . Until now, the role of ADAMTSs in regulation of gonad development was described only for Caenorhabditis elegans (Blelloch and Kimble, 1999) . Thus, further studies are needed to elucidate ADAMTS' role in the development of vertebrate gonads.
Summary
At present, the understanding of the role of extracellular matrix (ECM) in developmental processes and particularly in the gonad development is very limited. Our high-throughput screening revealed the expression of 44 genes encoding ECM components and 27 genes encoding ECM enzymes responsible for the ECM remodeling (distribution/degradation). Suppl. Table 1 lists the ECM genes expressed in three studied cell lines.
Our findings indicate that the ECM is an active structure, and as a scaffolding is crucial for development of the gonadal structure. We compiled the database of ECM gene expression patterns, which should be helpful for the identification of genes important for gonad development. We found that the genes coding for ECM components were mostly expressed in two gonadal cell lines: supporting and interstitial/stromal cells. Collagens and proteoglycans were mainly expressed in the interstitium/stromal cells, however, non-collagen glycoproteins and matricellular protein were expressed in both cell lines. Importantly, the supporting cells had sex-specific pattern of expression of ECM components. Collagen IX, XIV, XVIII, laminin a4, b2, fibrillin-1, versican, chondroitin sulfate proteoglycan 5, CTGF, SPP1, fibulin-2, and periostin were all upregulated in the XY supporting (pre-Sertoli) cells (see the Suppl. Figs 1 and 2 visualizing the differences between these genes expression in relation to cells genotype). Additionally, the expression of collagens and non-collagen glycoproteins was the most variable and showed up-and downregulation depending on sex (Suppl . Tables 2-7) . Such a variety of ECM components in the male gonad may be related to the very high dynamicity of the structure during testes development. On the other hand, collagen XII, fibrillin-2 and thrombospondin-2 were upregulated in the XX gonads during sexual differentiation. In the future, the role of these genes in sexual differentiation of the gonads should be studied experimentally. So far there are no data that mutations in collagens and other ECM components influence the fertility or gonad development in vertebrates including human. The only study on this subject is in Caenorhabditis elegans where mutation in collagen gene impaired fertility (Cai et al., 2011) .
The genes coding for ECM enzymes were mostly expressed in the supporting and interstitial/stromal cells. We believe that various MMPs, TIMPs, ADAMs and ADAMTSs are secreted to the ECM in developing gonads where these enzymes sculpt the scaffolding of the future testes and ovaries. We found that the germ cells expressed only very few ECM components and enzymes. This suggests that the germ cells are not important for the gonad structure shaping via ECM synthesis and remodeling. The majority of ECM enzymes coding genes showed lack of sexual dimorphism in the pattern of expression. The exceptions were: metalloproteinase-2 and -11 that was upregulated in XY gonads, metalloproteinase-14 that was upregulated in XX gonads, and the ADAMTSs with different pattern of expression in XX and XY somatic cells. So far one study showed that mutation of metalloproteinase-1 did not disrupt the gonad development or fertility in mice (FanjulFernández et al., 2013) . Further functional studies are needed to conform the role of ECM enzymes in gonad development.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.mod.2017.11.001.
